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Probing an excited-state atomic transition using hyperfine quantum-beat spectroscopy
C. G. Wade,* N. ˇSibalic´, J. Keaveney, C. S. Adams, and K. J. Weatherill
Joint Quantum Centre (JQC) Durham-Newcastle, Department of Physics, Durham University, South Road, Durham,
DH1 3LE, United Kingdom
(Received 15 August 2014; published 25 September 2014)
We describe a method to observe the dynamics of an excited-state transition in a room-temperature atomic
vapor using hyperfine quantum beats. Our experiment using cesium atoms consists of a pulsed excitation of the
D2 transition and continuous-wave driving of an excited-state transition from the 6P 3/2 state to the 7S1/2 state.
We observe quantum beats in the fluorescence from the 6P 3/2 state which are modified by the driving of the
excited-state transition. The Fourier spectrum of the beat signal yields evidence of Autler-Townes splitting of
the 6P 3/2, F = 5 hyperfine level and Rabi oscillations on the excited-state transition. A detailed model provides
qualitative agreement with the data, giving insight to the physical processes involved.
DOI: 10.1103/PhysRevA.90.033424 PACS number(s): 42.50.Md, 32.10.Fn, 42.50.Ct, 42.62.Fi
I. INTRODUCTION
Excited-state transitions in atomic systems are finding an
increasing range of applications including quantum informa-
tion [1], optical filters [2], electric field sensing [3–5], and
quantum optics [6,7]. They are also used for state lifetime
measurements [8], frequency up-conversion [9], the search for
new stable frequency references [10,11] and multiphoton laser
cooling [12]. However, excited-state transitions are inherently
more difficult to probe than ground-state transitions, especially
if the lower state is short lived. It is possible to probe
an excited-state transition directly if the dipole moment is
large enough [13], but more commonly excited-state character
is observed by mapping onto ground-state transitions using
electromagnetically induced transparency (EIT) in a ladder
configuration. Using EIT it is possible to probe even relatively
weak excited-state transitions, such as those to highly excited
Rydberg states [14–16]. Nanosecond timescales have also
been probed, effectively “freezing out” the motion of thermal
atoms [17].
EIT involving Rydberg states has paved the way to recent
advances in nonlinear and quantum optics [6] as the strong
interactions among the Rydberg atoms lead to large optical
nonlinearities, even at the single-photon level [7,18,19]. In
room-temperature Rydberg gases, the atomic interactions can
lead to a nonequilibrium phase transition [20], and evidence
for strong van der Waals interactions has been observed [21].
Despite the considerable successes of ladder EIT, there is
a particular class of energy level schemes for which ladder
EIT cannot be observed in a Doppler-broadened medium.
Specifically, when the upper transition wavelength is longer
than the lower (“inverted-wavelength” system) [22,23], the
transparency window is absent as it is smeared out by velocity
averaging.
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In this paper we make use of hyperfine quantum beats
[24,25] to probe the excited-state transition dynamics of an
inverted-wavelength ladder system in a thermal vapor. We find
strong evidence for both Rabi oscillations and sub-Doppler
Autler-Townes splitting.
The paper is organized as follows: In Sec. II we construct a
toy model of our experiment, giving an overview of the physics
involved. Section III details our experimental procedure and
in Sec. IV we present results in both the time-domain and the
frequency domain. Section V outlines a computer model that
we developed to understand the signals, which we compare
to the data in Sec. VI. The model yields good qualitative
agreement, which allows us to interpret features that we
observe in the frequency domain.
II. PRINCIPLE OF PERTURBED QUANTUM BEATS
IN A LADDER SYSTEM
In this section we outline a toy model of our ladder system
which includes the minimum possible complexity to illustrate
the physical principle (Fig. 1). The toy model considers a
zero-velocity atom with ground state |g〉, an intermediate
excited state |e〉, and an upper excited state |u〉. There is also
a reference state |e′〉 which is close in energy to |e〉. The
transition from |g〉 → |e〉 is driven by a short pulse while a
continuous wave (CW) laser drives the excited-state transition
from |e〉 → |u〉. For a sufficiently short excitation pulse the
bandwidth exceeds the energy interval between |e〉 and |e′〉,
and a coherent superposition of the two states is prepared by
the pulse. The dynamics of the excited-state transition are read
out by measuring the fluorescence from states |e〉 and |e′〉.
We begin our explanation by considering the simple case
when the excited-state transition driving field is switched off
(left column of Fig. 1). Once the coherent superposition of
states |e〉 and |e′〉 has been prepared, the total fluorescence
decays exponentially according to the state lifetime. However,
the fluorescence into an appropriately chosen mode, character-
ized by polarization and propagation direction, is modulated
by beating [26]. These “quantum beats” represent interference
between the two different quantum pathways associated with
|e〉 and |e′〉. The interference is erased if information regarding
which pathway was taken is recovered (e.g., spectroscopically
resolving the fluorescence from each state). In our toy model
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FIG. 1. (Color online) Toy model of our experiment. Left: Atoms
prepared in a superposition of closely spaced excited states |e〉 and
|e′〉 demonstrate quantum beats at a frequency corresponding to the
difference in their energies. Right: Driving an excited-state transition
splits state |e〉 into two dressed states |e+〉 and |e−〉 and the dynamics
of the excited-state transition are written into the quantum beats. We
show the level scheme (top), the Fourier spectrum, |F(ω)|, of the
fluorescence (middle), and the time-dependent fluorescence into an
appropriately chosen polarization mode (bottom). The Fourier spectra
are calculated by taking the magnitude of the Fourier transform of
the fluorescence signals.
the time-dependent fluorescence into a particular mode has
the form of an exponentially decaying envelope modulated
by beating. The modulus of the Fourier transform of this
time-dependent fluorescence, |F(ω)|, allows us to read off the
beat frequency (see middle row of Fig. 1). States |e〉 and |e′〉
have energy ωe and ωe′ respectively, and the beat frequency
ωb = ωe − ωe′ corresponds to the difference in energy. The
visibility of the beats from a zero-velocity atom is set by a
number of factors including the distribution of the population
between the two states and the relative strengths with which
the states couple to the selected fluorescence mode. In our
experiment the visibility is limited by velocity averaging as
well.
To understand the effects of driving the excited-state
transition it is easiest to consider the dressed-state picture
(right-hand column of Fig. 1). CW driving of the excited-
state transition splits |e〉 into two dressed states, |e+〉 and
|e−〉, separated according to the Rabi frequency of the
driving field, . The original beat at frequency ωb is split
into two distinct beats with frequencies, ω+ = ωb + /2
and ω− = ωb − /2. Furthermore, a new beat frequency is
introduced with frequency . This beat frequency relates
to Rabi oscillations with atoms cycling on the excited-state
transition. We note that unlike the initial quantum beat, this
cycling leads to a modulation of the total fluorescence, not just
F ′ = 5
F ′ = 4
F ′ = 3
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FIG. 2. (Color online) (a) Level scheme of our experiment: A
short pulse of light excites several states in the 6P 3/2 manifold
and a CW laser drives an excited-state transition 6P3/2 F = 5 →
7S1/2 F = 4. (b) Schematic of experiment: Vertically polarized
beams counterpropagate through a cesium vapor cell and fluorescence
from the D2 transition is detected with a single-photon counter.
a particular polarization mode. The Fourier spectrum, |F(ω)|,
includes all information regarding Autler-Townes splitting
of the state |e〉 and Rabi oscillations on the excited-state
transition, |e〉 → |u〉. The more complicated form of the
time-dependent fluorescence is shown in the lower right panel
of Fig. 1.
III. EXPERIMENT
The simplified level scheme and experimental setup are
shown in Figs. 2(a) and 2(b) respectively. We use cesium atoms
in a vapor cell (length 2 mm) at room temperature (19 ◦C). The
ladder scheme comprises the 6S1/2 F = 4 state as the ground
state, 6P3/2 F ′ = 5 as the intermediate state and 7S1/2 F ′′ = 4
as the upper excited state. The other 6P 3/2 hyperfine states play
the role of the reference state described in Sec. II.
We excite the first transition using a short pulse (FWHM of
1 ns) of 852-nm light generated by a CW diode laser stabilized
to the F = 4 → F ′ = 5 hyperfine transition and modulated
by a Pockels cell between two crossed, high-extinction polar-
izers. The short pulse duration means that the pulse bandwidth
spans the hyperfine energy splitting of the 6P 3/2 manifold
and therefore prepares a coherent superposition of several
hyperfine states. It is this coherent superposition of states
that leads to quantum beats in our system. The excited-state
transition is driven by a counterpropagating, CW laser beam
locked to the 6P 3/2 F ′ = 5 → 7S1/2 F ′′ = 4 (1469 nm)
transition using excited-state polarization spectroscopy [27].
To best control the effects of driving the excited-state
transition, it is desirable to minimize the spread of intensity
of the excited-state transition driving field that the atoms
experience. To achieve this, we only sample the center of
the CW driving laser beam (1/e2 radius 0.3 mm) where the
intensity is most uniform, by virtue of tighter focusing of
the preparation pulse (1/e2 radius 0.06 mm). Both the laser
beams are vertically polarized, and we detect fluorescence
033424-2
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propagating in the horizontal plane. A narrow-band filter is
used to select only fluorescence from the D2 transition and a
polarizer selects a particular mode of this fluorescence.
The fluorescence is measured using a single-photon de-
tector module which generates an electrical pulse for each
photon. The pulses are timed and counted by a high-bandwidth
oscilloscope and in this way we achieve nanosecond timing
resolution. To avoid saturating the counting module, we ensure
that the expected delay between photons is much longer than
the dead time of the counting module (≈35 ns).
IV. RESULTS
We begin by considering the case of unperturbed hyperfine
quantum beats. Figures 3(a) and 3(b) show measurements of
vertically and horizontally polarized fluorescence respectively,
with the center of the excitation pulse incident at time
t = 0 ns. As we noted in Sec. II, the total fluorescence
is not modulated and so we see that the beating of the
vertically and horizontally polarized fluorescence is out of
phase. In Fig. 3(c) we present the magnitudes of the normalized
Fourier transforms of these fluorescence measurements and
in Fig. 3(d) we remove frequency components relating to the
exponential decay envelope by subtracting the two signals (see
the Appendix for details of normalization and subtraction).
Because the beating of the two polarization signals is out of
phase we retain the quantum beat frequency components and
so we observe peaks at 201, 251, and 452 MHz, corresponding
to the 6P 3/2 hyperfine splitting [28] (highlighted with vertical
dashed lines). The peak relating to the F ′ = 3 → F ′ = 4
quantum beat (201 MHz) is very weak as the population in
these two states is limited. This restricted population is a result
of both weaker coupling to the ground state and also detuning
from the middle of the excitation pulse bandwidth which is
centered on the F = 4 → F ′ = 5 transition.
When we drive the excited-state transition the quantum
beats are modified. For the driving field intensity at the center
of the laser beam Id = 4 W cm−2, we present the vertically
and horizontally polarized fluorescence measurements in
Figs. 3(e) and 3(f) respectively, along with their Fourier spectra
in Fig. 3(g) and the spectrum of the difference signal in
Fig. 3(h). We can see the changes to the Fourier spectra that
we expected from considering the toy model in Sec. II. First
the peak relating to the F ′ = 5 → F ′ = 4 beat (251 MHz)
is split in two [Figs. 3(g) and 3(h)]. The origin of this
effect is Autler-Townes splitting of the 6P 3/2F ′ = 5 atomic
state, caused by driving the excited-state transition. Second a
different oscillation appears, leading to a peak at 100 MHz
in this example [Fig. 3(g)]. This represents atoms performing
Rabi oscillations on the excited-state transition. The absence
of this peak from the difference signal in Fig. 3(h) is because
the Rabi oscillations modulate the entire 852-nm fluorescence.
Therefore the oscillation is in phase between the vertically
and horizontally polarized fluorescence and is removed in the
difference signal.
It is interesting to note that while the simple model outlined
in Sec. II predicts that the splitting of the beat frequency would
be equal to the frequency of the Rabi oscillation, it is clear from
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FIG. 3. (Color online) Top row [(a)–(d)]: Measurements of fluorescence showing unperturbed hyperfine quantum beats. Bottom row
[(e)–(h)]: Measurements of fluorescence showing quantum beats that are modified by CW driving field with intensity Id = 4 W cm−2. We
present measurements of time-dependent vertically polarized fluorescence [(a) and (e)] and horizontally polarized fluorescence [(b) and (f)]. In
panels (c) and (g) we present the Fourier spectra, calculated by taking the magnitude of the Fourier transform of the time-dependent fluorescence
signals. The solid line (blue online) shows the vertically polarized fluorescence and the dashed line (red online) shows the horizontally polarized
fluorescence. In panels (d) and (h) we show the spectrum of the difference between the two polarization signals. The spectra are normalized
such that the peak in the difference signal relating to the unperturbed F ′ = 5 → 4 beat (d) has a height of 1 (see the Appendix for full details).
The dashed vertical lines correspond to the 6P 3/2 hyperfine splitting [28] and the shaded bands correspond to regions presented as color plots
in Fig. 4.
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FIG. 4. (Color online) Color plots of the magnitude of the Fourier
transforms of the fluorescence measurements. (a) Vertically polarized
fluorescence shows a diagonal feature that corresponds to Rabi
oscillations. (b) The difference signal demonstrates a branched feature
relating to Autler-Townes splitting. Parts (a) and (b) relate to the
highlighted regions of Figs. 3(c), 3(g) and 3(d), 3(h) respectively.
Fig. 3(g) that this is not the case. The cause of this discrepancy
stems from Doppler effects which we explore and explain in
Sec. VI using a comprehensive computer simulation outlined
in Sec. V.
In Fig. 4 we present color plots covering a range of excited-
state transition laser driving intensities Id = 0 → 7 W cm−2,
constructed from nine individual sets of intensity measure-
ments. Figure 4(a) shows the modulus of the Fourier transform
of the vertically polarized fluorescence measurements. The
diagonal feature corresponds to the Rabi oscillation, which
increases in frequency with increasing laser power. Figure 4(b)
shows the modulus of the Fourier transform of the difference
signal and the splitting of the F ′ = 5 → F ′ = 4 beat into two
separate branches is clear.
We also point out some further, more subtle effects. First,
the fluorescence decays more slowly as the longer lived
7S1/2F ′′ = 4 state is mixed into the 6P 3/2 states. Second,
the total amount of measured 852-nm fluorescence decreases.
This is partly because the atoms can now decay from the
7S1/2F ′′ = 4 state via the 6P 1/2 manifold as well as the 6P 3/2
manifold, but could also be due to hyperfine optical pumping
caused by light leaking through the Pockels cell between
pulses. Further consequences of this effect are discussed in
Sec. VI. Finally we note that the higher frequency branch of
the split F ′ = 5 → F ′ = 4 quantum beats is stronger than the
low frequency branch [Fig. 4(b)]. This effect is even more
exaggerated in the F ′ = 5 → F ′ = 3 (452 MHz) beat where
we do not observe the low-frequency branch at all [Figs. 3(d)
and 3(g)]. The absence of the lower branch originates from
Doppler effects that we also discuss in Sec. VI.
V. COMPUTER MODEL
Here we develop a theoretical simulation to predict the
behavior of our system. Conceptually, it involves two steps.
First the optical Bloch equations for the system are solved
numerically; second, the time-dependent expectation value of
a “detection operator,” B, is calculated, giving the expected
fluorescence [26]. The operator has the form
B = C
∑
f
e · ˆD|f 〉〈f |e∗ · ˆD, (1)
where C is a coefficient relating to detection efficiency, e
is a unit vector describing the polarization of the detected
fluorescence, and ˆD is the electric dipole operator for the D2
transition of the atom. The final states f include all of the
magnetic sublevels (mF) of the two 6S1/2 hyperfine ground
states. We note that the expectation value of the operator B is
proportional to the square of the atomic dipole projected onto
the detected polarization angle and measures the coupling of
the atomic state to the field modes. The calculation process
is repeated for a sample of velocity classes, which are then
summed and weighted according to a Boltzmann distribution.
The computation basis is fixed such that the linearly
polarized excitation lasers drive only π transitions, allowing
our calculation to be performed in a set of mutually uncoupled
mF subspaces. Note that this basis might not be the energy
eigenbasis due to uncompensated laboratory magnetic fields.
However, any coherence developed between the mF subspaces
as a consequence of this can be neglected since the duration
of our experiment is much shorter than the relevant Larmor
precession time scale. The time evolution of the density matrix
ρˆmF in each of the nine mF subspaces is calculated using a set
of optical Bloch equations,
˙ρˆmF =
i

[
ρˆmF ,
ˆHmF
]− ˆ, (2)
where ˆHmF is the Hamiltonian for each subspace and ˆ
is a decay operator. The Rabi frequencies are calculated
individually for each mF subspace and each subspace includes
one state from each of the hyperfine levels: 6S1/2F = 3,4;
6P 3/2F ′ = 3,4,5, and 7S1/2F ′′ = 4. This convenient sub-
division offers a computational speed up that permits the
simulation to be run on a desktop computer.
Although the subspaces are not coupled by the driving laser
fields, we note that they are not truly separate, since atoms can
undergo spontaneous σ± transitions, resulting in a change of
mF quantum number. Instead of modeling this full behavior,
we attribute the total rate of spontaneous decay of each state
to π transitions, thus conserving the total population in each
subspace. In this way, we are able to capture the lifetimes of
the states and retain computational efficiency. Furthermore,
because the time scale of our experiment is set by a single
atomic state lifetime, we are confident that the effect of these
angular momentum changing processes is negligible, as there
is insufficient time to redistribute atomic population amongst
the mF subspace.
In the final step of our model, we collate the populations
and coherences from the nine subspaces into a single density
matrix, giving the complete state of the atom as it changes in
time. Using the “detection operator,” we project the atomic
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FIG. 5. (Color online) Vertically polarized fluorescence: We
compare the model (black line) and experimental data points
(blue [gray]) for measured excited-state transition laser intensity
Id = (0, 3, 6, 7) W cm−2 (top to bottom). We note that the visibility
of the peaks is always smaller than the model predicts. The incident
light pulse occurs at time t = 0 ns and the error bars are calculated
from Poissonian photon counting statistics [29].
dipole at each time step and hence infer both the linear and
circularly polarized 852-nm fluorescence.
VI. ANALYSIS
In this section we make a direct comparison between the
computer simulation and the measured data. In Fig. 5 we
present the results of the vertically polarized fluorescence
for both the experiment and simulation. The unperturbed
hyperfine quantum beat signal fits well, and we see at least
qualitative agreement for the perturbed beats. Although the
features are often more pronounced in the simulation than the
data, there is a qualitative match between the data and theory.
On the strength of this we can draw additional physical insight
about the system.
In Sec. IV we noted that the splitting of the F ′ = 5 →
F ′ = 4 hyperfine quantum beat was unexpectedly smaller
than the measured frequency of the Rabi oscillation. We
suggest this is similar to narrowed EIT windows in thermal
vapors [30,31], where off-resonant velocity classes partially
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FIG. 6. (Color online) Calculated magnitude of the normalized
Fourier transform of the vertically polarized fluorescence: We show
a breakdown of velocity class contributions, with dashed (red online)
lines showing individual velocity classes traveling away from the
852-nm laser and solid (blue online) lines showing velocity classes
traveling towards the 852-nm laser. The velocity classes are spaced
at 33 m s−1 intervals and the bold (green online) line shows the
contribution from zero-velocity atoms. The gray shaded area shows
the scaled sum of the signals and the calculation relates to probing a
region with a uniform excited-state transition driving field intensity
I Simd = 0.9 W cm−2. The inset compares the data taken for measured
CW driving field intensity Id = 3 W cm−2 shown in bold (blue
online) and the summed model (gray shaded area and black line).
fill the transparency window left by resonant atoms. Calculated
contributions to the splitting of the F ′ = 4 → F ′ = 5 quantum
beat from different velocity classes are shown in Fig. 6. The
zero-velocity class (bold, green [gray]) shows a splitting that
is consistent with the simulated excited-state transition Rabi
frequency, yet this is much larger than the splitting which
appears in the total signal. Figure 6 shows how contributions
from off-resonant velocity classes fill in the gap. The inset
compares this best-fit-calculated spectrum with our data and
we see qualitative agreement, although we acknowledge a
significant discrepancy in the simulated (I Simd = 0.9 W cm−2)
and measured (Id = 3 W cm−2) excited-state transition laser
intensities.
We also noted in Sec. IV that the high-frequency branch
of the split F ′ = 4 → F ′ = 5 quantum beat makes a stronger
contribution to the Fourier spectrum than the low-frequency
branch. This unexpected asymmetry can be explained by
constructing a two-step argument: First, we note that the
strongest beats arise from atoms experiencing a red Doppler
shift of the 852-nm laser. This moves the center of the
frequency profile of the pulse between the two beating
transitions, promoting the excitation of both levels as required
for quantum beats. Second, the atoms which experience a red
shift for the 852-nm laser see a blue shift of the 1469-nm laser
because the laser beams are counterpropagating. This blue
shift means that the dressed states represented in the higher
frequency branch of the split quantum beat have a greater
033424-5
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admixture of the 6P3/2F ′ = 5 state, and as such a stronger
coupling to the ground state. Thus the imbalance between
branches of the quantum beat comes from a bias towards a
particular velocity class and a bias within this velocity class
to a particular branch. The asymmetry between branches is
even stronger for the F ′ = 3 → F ′ = 5 quantum beat as the
F ′ = 3 hyperfine state is further in energy from the F ′ = 5
hyperfine state. Consequently, only the high-frequency branch
of the splitting was observed and the lower-frequency branch
is absent (Sec. IV).
There are some remaining discrepancies between the
simulation and the data. We found that when we used the CW
driving field intensity as a fit parameter in the model, the
best fit did not match or even scale linearly with the intensity
we measured in the experiment. We believe that this might
originate from optical pumping between excitation pulses.
The high extinction polarizers each side of the Pockels cell
[Fig. 2(b)] still allowed a few hundred nanowatts of 852-nm
light to leak into the vapor cell for the 1-ms duration between
pulses. For resonant velocity classes, this could have lead to an
initial state other than the uniform distribution over the ground
states that the computer simulation assumes.
VII. CONCLUSION
We have demonstrated a method using hyperfine quantum
beat spectroscopy for observing sub-Doppler Autler-Townes-
type splitting in an “inverted wavelength” ladder scheme
which would not be observable in a continuously excited
room-temperature vapor. A comprehensive model of the
fluorescence gives qualitative agreement with our data,
and we use it to gain physical insight into the process. By
exploiting our method to its full potential it would be possible
to combine information from both the Autler-Townes splitting
and the Rabi oscillations to achieve a complete readout
of excited-state transition dynamics. Our work on ladder
excitation schemes contributes to a general effort towards
the exploitation of Rydberg atoms in a room-temperature
atomic vapor using multiphoton, stepwise excitation. In a
wider context, our method offers a means for investigating
excited-state transitions in a room-temperature vapor.
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APPENDIX: NORMALIZATION OF FOURIER SPECTRA
In Fig. 3 we present normalized Fourier spectra of the time
domain signals. Here we inform the reader of the details of the
normalization.
We begin with the measured time domain quantities. For
unperturbed beats, h0(t) and v0(t) correspond to the horizon-
tally and vertically polarized fluorescence respectively, and for
the modified quantum beats hm(t) and vm(t) correspond to the
horizontally and vertically polarized fluorescence respectively.
These quantities are Fourier transformed to give H0(ω), V0(ω),
Hm(ω), and Vm(ω). The horizontal and vertical signals are
scaled and subtracted to give the difference signals, D0(ω) and
Dm(ω):
D0(ω) = H0(ω) −
∑
h0(t)∑
v0(t)
V0(ω) (A1)
and
Dm(ω) = Hm(ω) −
∑
hm(t)∑
vm(t)
Vm(ω), (A2)
where D0(ω) and Dm(ω) correspond to unperturbed beats and
modified beats respectively. Scaling the vertically polarised
fluorescence signal in this way means that the average of the
difference signals is zero in the time domain.
A global normalization factor, n, is found using D0,
corresponding to the height of the F ′ = 4 → 5 (251 MHz)
unperturbed quantum beat:
n = |D0(ωF ′ = 4 → 5)|, (A3)
Finally we plot the quantities H ′0(ω), V ′0(ω), D′0(ω), H ′m(ω),
V ′m(ω), and D′m(ω), corresponding to the normalized modulus
of the Fourier spectra, such that
H ′0(ω) = |H0(ω)|/n,
V ′0(ω) = |V0(ω)|/n,
D′0(ω) = |D0(ω)|/n, (A4)
H ′m(ω) = |Hm(ω)|/n,
V ′m(ω) = |Vm(ω)|/n,
D′m(ω) = |Dm(ω)|/n.
As a result of this normalization, the peak in the difference
signal relating to the unperturbed F ′ = 5 → 4 beat has
a height of 1, and the results from different excited-state
transition driving field strengths are directly comparable.
[1] S. Haroche and J.-M. Raimond, Exploring the Quantum: Atoms,
Cavities, and Photons (Oxford University Press, Oxford, 2006).
[2] L. Zhang and J. Tang, Opt. Commun. 152, 275 (1998).
[3] A. K. Mohapatra, M. G. Bason, B. Butscher, K. J. Weatherill,
and C. S. Adams, Nat. Phys. 4, 890 (2008).
[4] J. A. Sedlacek, A. Schwettmann, H. Ku¨bler, R. Lo¨w, T. Pfau,
and J. P. Shaffer, Nat. Phys. 8, 819 (2012).
[5] C. L. Holloway, J. A. Gordon, S. Jefferts, A. Schwarzkopf, D. A.
Anderson, S. A. Miller, N. Thaicharoen, and G. Raithel, Appl.
Phys. Lett. 104, 244102 (2014).
[6] J. D. Pritchard, K. J. Weatherill, and C. S. Adams, in Annual Re-
view of Cold Atoms and Molecules (World Scientific, Singapore,
2013).
[7] Y. O. Dudin and A. Kuzmich, Science 336, 887 (2012).
033424-6
PROBING AN EXCITED-STATE ATOMIC TRANSITION . . . PHYSICAL REVIEW A 90, 033424 (2014)
[8] D. Sheng, A. Pe´rez Galva´n, and L. A. Orozco, Phys. Rev. A 78,
062506 (2008).
[9] T. Meijer, J. D. White, B. Smeets, M. Jeppesen, and R. E.
Scholten, Opt. Lett. 31, 1002 (2006).
[10] M. Breton, N. Cyr, P. Tremblay, M. Teˆtu, and R. Boucher, IEEE
Trans. Instrum. Meas. 42, 162 (1993).
[11] R. P. Abel, A. K. Mohapatra, M. G. Bason, J. D. Pritchard, K. J.
Weatherill, U. Raitzsch, and C. S. Adams, Appl. Phys. Lett. 94,
071107 (2009).
[12] S. Wu, T. Plisson, R. C. Brown, W. D. Phillips, and J. V. Porto,
Phys. Rev. Lett. 103, 173003 (2009).
[13] M. Tanasittikosol, C. Carr, C. S. Adams, and K. J. Weatherill,
Phys. Rev. A 85, 033830 (2012).
[14] A. K. Mohapatra, T. R. Jackson, and C. S. Adams, Phys. Rev.
Lett. 98, 113003 (2007).
[15] K. J. Weatherill, J. D. Pritchard, R. P. Abel, M. G. Bason, A. K.
Mohapatra, and C. S. Adams, J. Phys. B 41, 201002 (2008).
[16] C. Carr, M. Tanasittikosol, A. Sargsyan, D. Sarkisyan, C. S.
Adams, and K. J. Weatherill, Opt. Lett. 37, 3858 (2012).
[17] B. Huber, T. Baluktsian, M. Schlagmu¨ller, A. Ko¨lle, H. Ku¨bler,
R. Lo¨w, and T. Pfau, Phys. Rev. Lett. 107, 243001 (2011).
[18] T. Peyronel, O. Firstenberg, Q-Y. Liang, S. Hofferberth, A. V.
Gorshkov, T. Pohl, M. D. Lukin, and V. Vuletic´, Nature (London)
488, 57 (2012).
[19] D. Maxwell, D. J. Szwer, D. Paredes-Barato, H. Busche, J. D.
Pritchard, A. Gauguet, K. J. Weatherill, M. P. A. Jones, and
C. S. Adams, Phys. Rev. Lett. 110, 103001 (2013).
[20] C. Carr, R. Ritter, C. G. Wade, C. S. Adams, and K. J. Weatherill,
Phys. Rev. Lett. 111, 113901 (2013).
[21] T. Baluktsian, B. Huber, R. Lo¨w and T. Pfau, Phys. Rev. Lett.
110, 123001 (2013).
[22] J. R. Boon, E. Zekou, D. McGloin, and M. H. Dunn, Phys. Rev.
A 59, 4675 (1999).
[23] A. Urvoy, C. Carr, R. Ritter, C. S. Adams, K. J. Weatherill, and
R. Lo¨w, J. Phys. B 46, 245001 (2013).
[24] S. Haroche, J. A. Paisner, and A. L. Schawlow, Phys. Rev. Lett.
30, 948 (1973).
[25] E. Hack and J. R. Huber, Int. Rev. Phys. Chem. 10, 287
(1991).
[26] S. Haroche, in High Resolution Laser Spectroscopy, edited by
K. Shimona, Topics in Applied Physics Vol. 13, 253 (Springer-
Verlag, Berlin, 1976).
[27] C. Carr, C. S. Adams, and K. J. Weatherill, Opt. Lett. 37, 118
(2012).
[28] D. Das and V. Natarajan, Europhys. Lett. 72, 740 (2005).
[29] I. G. Hughes and T. P. A. Hase, Measurements and Their
Uncertainties (Oxford University Press, Oxford, 2010).
[30] S. M. Iftiquar, G. R. Karve, and V. Natarajan, Phys. Rev. A 77,
063807 (2008).
[31] M. G. Bason, A. K. Mohapatra, K. J. Weatherill, and C. S.
Adams, J. Phys. B 42, 075503 (2009).
[32] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevA.90.033424 for experimental data and simu-
lation results.
033424-7
